Abstract. Eggs were collected from commercial caged layer flocks in early, mid, late and very late lay. Eggs were candled and scored for translucency. Cuticle cover was estimated using MST Cuticle Stain and a Konica Minolta hand-held spectrophotometer. Traditional measures of egg quality were determined using specialised equipment. Shell ultrastructural features were scored following plasma ashing of shell samples and viewing under a benchtop scanning electron microscope. Translucency score was significantly higher in late lay than for all other age groups. Shell quality declined with increasing flock age. However, the extent of cuticle cover on the egg shell was not significantly different among flock age groups. The incidence of shell ultrastructural features associated with good quality shells was lower for older flocks and incidence of ultrastructural features associated with poorer quality shells was higher for older flocks. Translucency score had a low correlation with the ultrastructural features of the mammillary layer.
Introduction
Eggs produced in Australia are considered medium to low risk for foodborne illness. However, the egg industry in Australia is periodically implicated in cases of food poisoning (OzFoodNet Working Group 2009) . It is difficult for bacteria to move across an intact good quality egg shell. However, small defects in the egg shell may provide means for bacteria on the egg shell to penetrate the shell and move into the egg contents (Messens et al. 2005; De Reu et al. 2006) . The importance of the cuticle as a barrier against water loss and bacterial ingress into the egg has been discussed by several authors (Sparks and Board 1984) and it has also been suggested that egg shell translucency may facilitate bacterial penetration (Chousalkar et al. 2010) . In the present study, unwashed eggs collected directly from the cage front were scored for translucency and tested for egg quality measurements. Egg shells were stained for estimation of cuticle deposition and the ultrastructural characteristics of the mammillary layer of the eggshell were scored and related to the translucency scores.
Materials and methods
Eggs were collected from commercial flocks in different stages of lay: early (<25-40 weeks -10 flocks), mid (40-55 weeks -10 flocks), late (55-65 weeks -6 flocks) and very late (>65 weeks -8 flocks).
Ninety eggs were used for measurements of egg quality, which were conducted in the Egg Quality Laboratory at the University of New England, Australia. Thirty eggs were scored for translucency (0 lowest to 5 highest) using an egg candler and analysed for traditional egg shell quality measurements: shell colour by reflectivity, egg weight, egg shell breaking strength by quasi-static compression, shell deformation to breaking point and shell weight (egg quality equipment, Technical Services and Supplies, Dunnington, York, UK). Shell thickness was measured using a custommade gauge based on a Mitutoyo Dial Comparator gauge Model 2109-10 (Kawasaki, Japan). Percentage shell was calculated from shell weight and egg weight. Egg internal quality was measured as albumen height, Haugh units and yolk colour (Technical Services and Supplies equipment).
Thirty eggs were stained with MST cuticle blue stain and the cuticle colour measured using a Konica Minolta hand-held spectrophotometer (CM-2600d; Ramsey, NJ, USA). Eggs were immersed in cuticle blue dye (MS Technologies, Europe Ltd, Kettering, Northamptonshire, UK), made up according to the manufacturer's recommendation, for 1 min. They were then rinsed in water for 3 s, placed on a plastic egg filler and allowed to dry.
The colour of the egg shell cuticle, stained with MST cuticle blue dye was measured using the 'L*, a*, b*' colour space. L* has a maximum of 100 (white) and a minimum of 0 (black). For a*, green is towards the negative end of the scale and red towards the positive end. For b*, blue is towards the negative end and yellow towards the positive end of the scale. The difference between the reading before and after staining was measured for 24 out of the total of 34 flocks (6 early, 7 mid, 4 late and 7 very late lay flocks). A single score was calculated after the method of Leleu et al. (2011) as:
The remaining 30 eggs were scored for the extent of translucency, photographed individually on a candling box, and processed for viewing of the ultrastructure of the mammillary layer. Small pieces of shell (1 cm 2 ) were cut from the equator of the egg shell, soaked overnight in distilled water and the shell membranes removed. The samples were then dried thoroughly and placed in a BioRad PT7 150 Plasma Asher (BioRad, Hertfordshire, UK) for 4 h to remove any remaining shell membrane (Reid 1983) . Samples were then mounted on aluminium stubs using conductive silver paint (1005 aqueous conductive silver liquid -SEM adhesive, ProSciTech, Kirwan, Qld, Australia), gold sputter coated in a Jeol MP-19020NCTR Neocoater and viewed under a Jeol JCM-5000 Neoscope desktop scanning electron microscope (JEOL, Tokyo, Japan). Each sample was scored for ultrastructural features as described by Solomon (1991) . Mammillary cap size was scored as 1 (similar), 2 (variable), and 3 (highly variable). Mammillary caps were scored according to their quality, which was assessed as both the size of the cap in relation to its cone and the degree of membrane attachment, from best (1) to worst (5). Alignment, changed membrane (membrane not removed by plasma ashing), cubic cone formations, confluence, cuffing, early fusion, late fusion, depression, erosion, hole, type-A bodies, type-B bodies, aragonite and cubics were each ranked for incidence from 1 (none) to 4 (extensive).
To verify the suitability of MST cuticle blue stain as an indicator of the presence and extent of cuticle, 90 eggs (30 from each of 3 flocks aged 33, 50 and 67 weeks) were stained with cuticle blue dye and egg internal contents were removed by making a small hole at the blunt end of the egg using a Dremel High Speed rotary tool, 300 series (Robert Bosch Tool Corporation, Racine, WI, USA). The inner shell walls were then rinsed with tap water to remove the adherent albumen, taking care not to wash off any cuticle stain. Small pieces of shell (1 cm 2 ) were cut out, mounted on aluminium stubs (0.9 cm diameter) using conductive silver paint (1005 aqueous conductive silver liquid -SEM adhesive, ProSciTech) and photographed under a dissecting microscope with attached camera. The same pieces of shell were then gold sputter coated in a Jeol MP-19020NCTR Neocoater and viewed and photographed under a Jeol JCM-5000 Neoscope benchtop scanning electron microscope.
Results

Egg quality
All egg shell quality measurements varied significantly among age categories (Table 1) . Translucency score was significantly higher in late lay than for all other age groups. Shell reflectivity increased (shells became lighter in colour) from early to late lay, although late and very late lay were not significantly different from each other. Egg weight increased from early to mid lay, remained relatively constant into late lay and then increased again from late to very late lay. Shell breaking strength decreased with flock age although late and very late lay were not significantly different from each other. Shell deformation to breaking point decreased from early to mid lay but then remained relatively constant. Shell weight increased from early to mid lay before decreasing in late lay and then increasing in very late lay to levels not different from mid lay. Percentage shell was higher at early and mid lay than for late and very late lay. Shell thickness increased from early to mid lay, decreased in late lay to values significantly different lower than all other age groups and then increased in very late lay to values not significantly different from early and mid lay.
Egg internal quality, as measured by albumen height and Haugh unit, decreased consistently with increasing flock age (Table 1) , with each age group being statistically significantly different from the others. However, there were no significant differences among age categories for yolk colour score.
Shell cuticle cover
The spectrophotometric measurements of shells with stained cuticle indicated that the value for L* increased from early to mid lay, remained constant to late lay before increasing again in very late lay ( Table 2) . The value for a* was not significantly different among age categories and the coefficient of variation was very high for all age categories. The value for b* was similar for early, mid and late lay and then decreased for the very late lay Leleu et al. (2011) .
Egg shell ultrastructure
For the eggs studied for shell mammillary layer ultrastructure, there were no statistically significant differences among age categories for translucency score (measured 7 days after the egg was laid by the hen), as shown in Table 3 . However, there were statistically significant effects of age category on some of the ultrastructural scores. Cap size variability was lower in early lay than for all other age categories. The incidence of confluence of mammillary caps was higher in early lay than for all other ages. Cap quality score was lower (i.e. cap quality was higher) for early and mid lay than for late lay although the score for very late lay was similar to that for early and mid lay. The incidence of early fusion was higher for early and mid lay than for late lay, with very late lay intermediate between the two. Late fusion had a lower incidence in early lay than for all other age categories. The incidence of type-B bodies was lower in early and mid lay than in late and very late lay. The incidence of aragonite was lowest in early and mid lay, highest in late lay, with very late lay intermediate. The incidence of cubic cones was lower in mid lay than for all other ages. The incidence of cuffing and changed membrane was higher in early lay than for all other age categories.
The incidence of alignment of mammillary cones, type-A bodies, cubics, depression and erosion were not significantly different among age categories. Holes were not recorded for any age category. There were significant positive correlations (higher incidence for higher translucency score) between translucency score and the incidence of mammillary layer variations for alignment, type-A bodies, type-B bodies, aragonite and cubic cones. There were significant negative correlations for cap quality (higher translucency, lower cap quality) and changed membrane (higher translucency score, lower incidence). However, there was no significant correlation with translucency score for the incidence of confluence, early fusion, late fusion, cubics, cuffing, depression, erosion and cap size variability. 
Verification of cuticle stain
There was a high correlation between the presence of cuticle blue stain on the egg shells and the amount of cuticle present, as viewed under the scanning electron microscope. Eggs with good quality intact cuticle stained well; eggs with patchy cuticle acquired patchy stain whereas, in the absence of the cuticle, the eggs did not stain at all (Fig. 1) . These findings confirmed the suitability of MST cuticle blue dye as an indicator of the amount of cuticle present on the surface of the egg shell.
Discussion
Translucency score was higher for the late lay age group than for all other groups. The significance of this finding is not clear and there are no published data against which to compare these results. Results on egg quality obtained in the present study are consistent with previous reports of the changes that occur in egg quality as flocks get older both in Australia (Roberts and Ball 2003, 2006; Roberts 2004 ) and in other countries (Washburn 1982; Travel et al. 2011) . The increased shell reflectivity (indicative of lighter shell colour) with increasing hen age has been reported previously by several authors (Roberts and Ball 2006; Tumova and Ledvinka 2009; Zita et al. 2009 ). Increased egg weight with increasing hen age may be viewed as positive or negative depending on the market involved. Increased egg weight with increasing hen age has been reported previously by many authors (Guesdon and Faure 2004; Roberts and Ball 2006; Tumova and Ledvinka 2009) . The decrease in shell breaking strength as hens age, found in this study, has also been reported previously (Rodriguez-Navarro et al. 2002; Roberts and Ball 2006) . Shell deformation to breaking point is an indicator of the degree of elasticity of the eggshell. A higher shell deformation was found in the younger flocks in the present study as has been described by Roberts and Ball (2006) although the results of Zita et al. (2009) for shell deformation varied with the breed of laying hen. Although egg weight increased with increasing hen age, as has been described previously (Nys 1986; Silversides and Budgell 2004; Zita et al. 2009 ), shell weight did not always increase in proportion. This resulted in percentage shell decreasing with increased hen age as has been described previously (Silversides and Scott 2001; Roberts and Ball 2006) . Shell thickness fluctuated among the age groups, being highest in mid lay. Most studies report a decrease in shell thickness with increasing hen age (Roland et al. 1975; Roland 1979) . The higher shell weight and shell thickness for the very late lay group, as compared with the late lay group, correlate with a larger egg size (65 g as compared with 62.6 g for the late lay group). However, the percentage shell was not significantly different between the late lay and very late lay groups. In addition, shell breaking strength was similar for late lay and very late lay groups, suggesting that the increases in shell weight and shell thickness in very late lay were commensurate with the increase in egg size. The steady reduction in albumen quality with increased flock age has also been reported by several researchers (Williams 1992; Silversides 1994 ). The heritability of many egg quality parameters is high (Dunn 2011; Dunn et al. 2012) , which means that genetic selection by major breeding companies can assist with improvements in quality, in addition to management improvements. The use of MST cuticle blue stain for determining the extent of cuticle cover in avian egg shells has been verified by correlating the extent of staining with the appearance of the shell cuticle under the scanning electron microscope. Therefore, MST cuticle blue stain is a reliable indicator of the presence of cuticle on the egg shell surface. However, quantification of the degree of staining using the Konica spectrophotometer proved more complex than had been anticipated. The use of shell colour, as measured by the spectrophotometer, is confounded by the underlying colour of the egg shell. The L* values show the same pattern as shell reflectivity, which is that the shells became paler in colour with increased flock age. The results from the b* spectrum suggest that the shells from the eggs of the very late lay flocks were less yellow than for the other three flocks which may correlate with the paler brown-coloured shells of this group. Even when the extent of shell colour is measured by a range of techniques, including the calculation of a single value to integrate the L*, a*, b* values, there appears to be no clear correlation between average cuticle cover and flock age. However, the higher mean values for Da* in mid and late lay suggest the cuticle is thickest during these stages of the laying life of a hen. Previous studies report that the cuticle becomes thinner with increasing flock age (Sparks and Board 1984) . The significance of the extent of cuticle cover is still uncertain. The most important role of the cuticle in relation to food safety may be the presence of sufficient cuticle to block the outside of most of the pores.
The translucency scores for the eggs used for ultrastructural examination of the mammillary layer were not significantly different among flock age groups. Translucency score was measured at an average of 3 days following lay for the egg quality eggs and an average of 7 days following lay for the eggs used for ultrastructure studies, which may explain the difference. Shell translucency increases with time following oviposition. In general, the incidence of mammillary layer variations, which appear to be associated with better shell quality (confluence, early fusion, cuffing) decreased with increasing flock age and mammillary cap quality decreased. Conversely, the incidence of mammillary layer variations, which appear to be associated with reduced shell quality (cap size variability, late fusion, type-A bodies, type-B bodies, aragonite) increased with increasing flock age. Our data accord with previous studies (Parsons 1982; Nascimento and Solomon 1991; Solomon 1991 Solomon , 1992a Solomon , 1992b Solomon , 2009 Nascimento et al. 1992; Roberts and Brackpool 1994) . It is not clear why the incidence of 'changed membrane' was higher for the early lay flocks. Changed membrane is membrane remaining following the plasma ashing procedure. It is possible that, in the younger flocks, the attachment between the outer shell membrane and the mammillary cones is greater, making it more difficult to remove the membrane. However, this suggestion needs to be confirmed.
The correlations between egg shell translucency scores and the scores obtained from examination of the mammillary layer of the egg shells suggest that the ultrastructure scoring system only partially explains the phenomenon of egg shell translucency. It is still not completely clear what structural features of the eggs cause translucency. Shell translucency appears to be associated with the ultrastructure of the egg shell and is associated with the presence of moisture in the spaces of the mammillary layer and perhaps also the pores. Studies are underway to examine egg shells using a Phoenix v|tome|x dual X-ray system in an attempt to further explain the phenomenon of translucency.
Eggs from the same flocks utilised for the egg quality studies were evaluated for total bacterial counts and Enterobacteriacae on the outside of the shells, in shell crush (to incorporate any bacteria present in the shell pores) and egg internal contents, as described in Musgrove et al. (2005) and results are presented in other publications. There were no effects of flock age on the bacterial counts on the shell surface and in shell crush and no bacteria were isolated from the egg contents (Chousalkar and Roberts 2012b) . However, some Salmonella were isolated from the shell surface (Chousalkar and Roberts 2012a) . In Australia and most European countries, there is some debate about the benefits of washing eggs. Previous research suggests that washing removes faecal material and reduces microbial load on the egg shell surface and thus reduces the likelihood of horizontal transmission occurring as well as reducing the potential for cross contamination during food handling/preparation (Musgrove et al. 2004) . However, research has also shown that wet washing can damage the cuticle layer, (which prevents the entry of bacteria across the egg shell) thereby leaving pores exposed and potentiating bacterial penetration (Sparks and Burgess 1993) . Egg washing is widely used in many countries including Australia (Hutchison et al. 2004) . It has been demonstrated that the extent of cuticle deposition can influence the egg shell penetration of Salmonella Enteritidis at 20 C (De Reu et al. 2006) . However, it is not clear how the measurements of cuticle cover undertaken in the present study correlate with the ease with which bacteria can pass through the egg shell. It is possible that the presence of cuticle in the egg shell pores is the most significant barrier to bacterial entry and that a thick cuticle on the outside of other parts of the egg is of lesser significance.
The fact that cuticle cover, as measured by MST cuticle blue staining, was not significantly different among age categories, coupled with the relatively constant translucency scores from mid to very late lay, and the absence of bacteria inside the eggs tested, suggests that translucency is not a major risk factor for food safety of table eggs. However, this remains to be tested in future experiments using whole eggs and agarfilled eggs exposed to specific serovars of Salmonella. In addition, experiments are ongoing to better characterise the basis of egg shell translucency. Similarly, the extent to which variation in cuticle cover represents a risk factor for food safety is still not fully understood. This topic is also under further investigation using both washed and unwashed eggs with varying degrees of cuticle cover in whole egg and agar-filled egg experiments.
